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Introduction 
Pupillary responses are related to processing load, cog-
nitive demands of memory, language processing, reason-
ing, and perception (see Beatty, 1982; Kahneman, 1973). 
Although Just and Carpenter (1993) pointed out that pupil-
lary responses are only a correlate of cognitive demands 
but not causally related, Kahneman stated that the “dilation 
of the pupil is the best single index [for effort]“ (Kahne-
man, 1973, p. 18). In general, greater amounts of pupil di-
lations are expected to indicate more difficult tasks (see, 
Andreassi, 2007). For example, Karatekin et al. (2004) 
showed an increasing pupil dilation for more difficult tasks 
in a digit span-working memory test. 
However, studies concerning potentially influencing 
factors such as fatigue or inter-individual differences in the 
characteristics of pupil diameter changes yielding ambig-
uous results. The present study investigated how these fac-
tors influence the pupil diameter and its changes and 
whether inter-individual differences can be controlled. 
Light as an additional influencing factor (Steinhauer et al., 
2004) was taken into account in the present study by using 
the Index of Cognitive Activity (Marshall, 2002) as a pu-
pillary based indicator of cognitive workload that controls 
for light changes as well as the Index of Pupillary Activity 
(IPA, Duchowski et al., 2018), which is an open-source al-
ternative of the ICA. Pupillary based measures are appro-
priate indicators for cognitive workload. For example 
Krejtz et al. (2018) showed their effectiveness in compar-
ison with microsaccades. 
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lary Activity (IPA), are pupillary-based indicators for cognitive workload and are independ-
ent of light changes. Both indicators were investigated regarding influences of cognitive 
demand, fatigue and inter-individual differences. In addition, the variability of pupil changes 
between both eyes (difference values) were compared with the usually calculated pupillary 
changes averaged over both eyes (mean values). Fifty-five participants performed a spatial 
thinking test, the R-Cube-Vis Test, with six distinct difficulty levels and a simple fixation 
task before and after the R-Cube-Vis Test. The distributions of the ICA and IPA were com-
parable. The ICA/IPA values were lower during the simple fixation tasks than during the 
cognitively demanding R-Cube-Vis Test. A fatigue effect was found only for the mean ICA 
values. The effects of both indicators were larger between difficulty levels of the test when 
inter-individual differences were controlled using z-standardization. The difference values 
seemed to control for fatigue and appeared to differentiate better between more demanding 
cognitive tasks than the mean values. The derived recommendations for the ICA/IPA values 
are beneficial to gain more insights in individual performance and behavior during, e.g., 
training and testing scenarios. 
Keywords: Eye tracking, pupillometry, Index of Cognitive Activity (ICA), Index of 




Received February 23, 2021; Published June 11, 2021. 
Citation: Fehringer, B. C. O. F. (2021). Optimizing the usage of pu-
pillary based indicators for cognitive workload. Journal of Eye 
Movement Research, 14(2):4. 
Digital Object Identifier: 10.16910/jemr.14.2.4 
ISSN: 1995-8692 
This article is licensed under a Creative Commons Attribution 4.0 
International license.  
 
Journal of Eye Movement Research Fehringer, B. C. O. F. (2021) 
14(2):4 Optimizing pupillary based indicators 
  2 
The Index of Cognitive Activity and the Index 
of Pupillary Activity 
The Index of Cognitive Activity (ICA) was invented 
by Marshall and can be computed by a patented method 
evaluating pupil dilations (Marshall, 2000). This indicator 
is robust with respect to light changes and increases with 
task difficulty (Marshall, 2002). Further studies supported 
the ICA as an appropriate measure for cognitive effort 
(e.g., Demberg, 2013; Mill et al., 2016). In the study of 
Demberg (2013), participants performed a simulated driv-
ing task as well as a language processing task. She found 
evidence that the ICA was more appropriate than conven-
tional pupil dilation measures in their response to cognitive 
processing. The ICA also indicated strategy switches that 
lead to lower cognitive demands during task performance. 
Marshall (2002) could find a self-reported change of how 
a participant conducted a series of tasks by a decreasing 
ICA value (see also Marshall et al., 2003). Furthermore, 
Schwalm et al. (2008) showed that the ICA increased in a 
driver scenario where participants were performing lane 
change tasks in a dual task scenario. The higher the mental 
demand, the more the ICA increased. 
The severe disadvantage of the ICA is that the underlying 
algorithm is unpublished and, therefore, not verifiable. The 
Index of Pupillary Activity (IPA, Duchowski et al., 2018) 
is an open-source alternative that imitates the ICA and has 
a fully documented algorithm. Recently, Duchowski et al. 
(2020) published an alternative version of the algorithms, 
which considers low and high frequencies of pupillary os-
cillation together (LHIPA). Since the goal of the present 
study was an evaluation of the (currently) more popular 
ICA, the original version of the more similar IPA was con-
sidered in the following analyses. 
Pupil diameter changes as indicator for fa-
tigue 
The pupil diameter is sensitive for fatigue. The more 
fatigue a person is, the smaller is the pupil diameter (see 
Andreassi, 2007). This could be supported by Hopstaken 
et al. (2015) who found a decreasing pupil diameter base-
line with increasing testing time. However, they could also 
show an increasing pupil diameter baseline if task engage-
ment increased, despite of fatigue. The results are similar 
if pupil diameter changes are analyzed (Palinko et al., 
2010). Clear evidence about the relation between the ICA 
(and IPA) and fatigue is missing. The results of a long-
term study with three participants showed only incon-
sistent results, which were also hard to interpret due to 
missing performance information (Marshall, 2009). 
Inter-individual comparisons of pupil diame-
ter changes 
Different ability levels are indicated by different pupil 
diameter changes with smaller pupillary responses for par-
ticipants with higher intelligence or higher expertise than 
for participants with lower intelligence or expertise as a 
general pattern (e.g., Beatty & Lucero-Wagoner, 2000, 
Richstone et al., 2010). However, this only holds true for 
tasks that are manageable for all participants. If tasks are 
too difficult for participants, pupil dilation can decrease 
(e.g. Granholm et al., 1996; van der Meer et al., 2010). Ze-
kveld and Kramer (2014) varied the intelligibility range of 
masked speech and demonstrated in a sample of 37 partic-
ipants that participants with lower ability reported more 
often to give up in the most difficult condition than partic-
ipants with high ability. For the low ability group, pupil 
dilations were smaller for low intelligibility than for me-
dium intelligibility, whereas high ability participants 
showed the opposite pattern. Therefore, pupillary re-
sponses are thought to indicate capacity utilization rather 
than absolute processing demands (Just et al., 2003). For 
more demanding cognitive tasks, more resources can only 
be allocated if the participant has the required ability. In 
case of excessive demands, the mental effort can decline 
because of disengagement. However, it is not known yet 
whether the maximum pupil diameter changes are equal 
for all participants or whether they change with the amount 
of allocated resources. Therefore, comparisons of pupil di-
ameter changes of participants with different abilities 
might be misleading, if the participant’s ability in relation 
to the task difficulty is not known. One solution could be 
that the pupil diameter values are standardized before such 
comparisons are conducted. 
Variability of pupil diameter changes be-
tween both eyes 
The amount of variability between both eyes might 
also be an indicator of cognitive workload. In a general 
statement, Kahneman (1973) pointed out that “the reduc-
tion of autonomic variability during task performance is 
apparently a general effect: rhythmic contractions and di-
lations of the pupil, which are prevalent at rest, are virtu-
ally abolished during the performance of mental arithme-
tic.” (p. 17). Especially the relation between reduction of 
heart rate variability and cognitive workload could be 
found in several studies (e.g., Di Bernardi Luft et al., 2009; 
Duschek et al., 2009; Mathewson et al., 2010). Therefore, 
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the pupil changes of both eyes might be also more “in 
phase”, if the cognitive demand increase. Hence, the abso-
lute difference between the values of the pupil diameter 
changes of both eyes were investigated as an alternative 
measure in contrast to averaging over the values of the left 
and the right eye. The lower the absolute difference is, the 
higher the expected cognitive effort should be. 
Summary and hypotheses 
Pupil diameter changes seem a promising indicator for 
cognitive workload but appear to be influenced by several 
factors, such as light changes, fatigue, and the interaction 
between task demands and individual differences in abil-
ity. The Index of Cognitive Activity (ICA) as well as the 
Index of Pupillary Activity (IPA) control for light influ-
ences and are valid indicators of cognitive effort. Fatigue 
is generally associated with decreasing pupil diameter 
changes but these may increase if the task engagement of 
the participant increases. The investigation of inter-indi-
vidual differences as well as different demanding tasks can 
be hampered by the different amount of resources that a 
single participant is able to allocate for solving a certain 
task. In case that the maximum ICA/IPA value depends on 
the interaction between task engagement and ability differ-
ences, a standardization of the measured values might pro-
vide more valid results. Finally, the variability of both eyes 
regarding the pupil dilation might be reduced for more de-
manding tasks because of a reduction of the autonomic 
variability. Hence, the difference between the pupil diam-
eter changes between the left and the right eye might be an 
additional indicator of cognitive workload. 
The goal of the present study was to investigate how 
tasks differing in cognitive demand, fatigue, standardiza-
tion (to control for inter-individual differences in ability) 
and the consideration of the difference between the eyes 
affect the ICA and the IPA values. It was expected that all 
pair comparisons between task groups that differ in their 
cognitive demand would show higher ICA/IPA values and 
lower variability between the eyes for the more demanding 
tasks. Pair comparisons between task groups to investigate 
the fatigue effects were unspecified due to the inconsistent 
results in previous studies. 
Methods 
Participants 
The study was conducted with N = 55 participants, 43 
female and 12 male. On average, the participants were 21 
years (M = 21.07, SD = 3.84), with the youngest being 18 
and the oldest 39. Further 14 participants were excluded 
due to invalid eye tracking data and because of erroneous 
recorded data. All participants were students at a German 
University. They provided informed consent and received 
course credit. 
Materials 
The short version of the R-Cube-Vis Test (Fehringer, 
2020b) was administered as the performance test. The test 
measures the main factor of spatial thinking, visualization, 
and it was constructed especially for the usage of eye 
tracking and pupillometry. Other standard tests for spatial 
thinking are limited, if eye tracking is used due to hetero-
genous stimulus materials, overlapping of relevant areas, 
and too complex items. The R-Cube-Vis Test overcomes 
these restrictions and was, therefore, utilized in the present 
study. The short version consists of 60 items showing two 
Rubik’s cubes. The left cube is shown in a solved state 
whereas the right cube has one or two of its elements ro-
tated. Participants had to decide whether both cubes are 
possibly the same except for the rotated elements (possible 
vs. impossible items). 
 
Figure 1. Possible sample items of the R-Cube-Vis Test for each 
difficulty level, ordered from easy (a) to difficult (f) 
The items can be assigned to six distinct difficulty lev-
els that are conform to the linear logistic test model (Figure 
1). The items were presented in three blocks. Within each 
block, the items belong to two neighbored difficulty levels 
(Level a and Level b; Level c and Level d; Level e and 
Level f) and were presented in random order. There were 
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five possible and five impossible items per level. Before 
each block, a trial phase was conducted containing four 
cubes, one possible and one impossible of each difficulty 
level. The blocks were presented in the order of increasing 
difficulty. Each item was presented until an answer was 
given, maximum one minute. Before each item, a cross 
was presented for 1 second in the middle of the screen 
(Figure 2). The accuracy measure considers only all possi-
ble items and counts “1” for a correctly solved item and 
“0” for an incorrectly solved item. 
 
Figure 2. Description of one of the three blocks with 20 
repetitions each (10 items for each of both levels, i.e., 5 possible 
and 5 impossible items). RT: reaction times. 
Additional to the performance test, two simple fixation 
tasks, before the R-Cube-Vis Test and after the R-Cube-
Vis Test, were conducted. Each fixation task presents nine 
black crosses, one after another, on an invisible grid with 
three rows and three columns in the middle of the screen. 
Each cross was presented for three seconds and was indi-
cated by a square, which was presented immediately be-
fore the cross at the same position. The square rested also 
three seconds and changed its color from red, over yellow, 
to green each second. 
Finally, the participants had to edit a questionnaire ask-
ing for sex, age, and major subject of studies. 
Procedure 
After the instruction, the eye tracker was calibrated for 
each participant. Afterwards, the participants performed 
the first fixation task, then the R-Cube-Vis Test and then 





The used eye tracker was the Tobii TX300 (recording 
rate: 300Hz) embedded in an eye tracker unit with a screen 
(screen size: 23’’, aspect ratio: 16:9, resolution: 
1920x1080 pixels). It was connected to the presentation 
software E-Prime 2.0 (Psychology Software Tools Inc., 
2012) with the “Extensions for Tobii” (Psychology Soft-
ware Tools Inc., 2011). The distance between eyes and eye 
tracker was M = 62.6 cm (SD = 5.71 cm) with the smallest 
distance of 51.1 cm and the largest of 73.2 cm. 
Data Preparation 
The recommended scaled ICA values (EyeTracking 
Inc., 2013) were computed by the Workload RT software 
package (EyeTracking Inc., 2015). The IPA was computed 
according to the described algorithm (Duchowski et al., 
2018) with an adaption of one of its parameters, which re-
sulted in the closest similarity with the ICA (Factor = 0.8, 
Fehringer, 2020a, using the same data set as in the present 
study). The IPA algorithm was programmed in python 
(van Rossum, 1995) using the packages pandas (McKin-
ney, 2011), numpy (van der Walt et al., 2011), and pywt 
(Lee et al., 2019). 
Analyses 
Instead of the classical null hypothesis significance 
testing, Bayesian statistic was applied to the data due to 
unknown effect sizes (see Schönbrodt et al., 2017), espe-
cially for the fatigue effect and the difference values be-
tween both eyes. The effect sizes were estimated based on 
the means of the posterior distributions. All analyses were 
conducted with R statistics (R Core Team, 2017) using the 
package BayesFactor (Morey & Rouder, 2015) for 
computing the Bayes factors. 
First, the ordering of the accuracy values of the six dif-
ficulty levels of the R-Cube-Vis Test were compared with 
the expected accuracy ordering known from the validation 
studies (Fehringer, 2020b). Second, the precision of both 
fixation tasks (before and after the R-Cube-Vis Test) were 
compared with each other to make sure that the partici-
pants performed both fixation tasks with the same task en-
gagement as precondition for the following analysis of the 
fatigue effect. The precision was estimated as the standard 
deviation of the estimated gaze points during the fixation 
tasks and indicates how far a participant fluctuated around 
the fixated point. 
The H1 hypotheses were formulated as directed hy-
potheses for the analyzed pair comparisons between dif-
ferent cognitive demanding tasks and as undirected 
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hypothesis for the comparison between both fixation tasks 
testing the fatigue effects. All H1 hypotheses were formu-
lated with the Cauchy distribution as default prior with the 
scale parameter r = 1 (Rouder et al., 2009). The evidences 
were classified as anecdotal (> 1 and ≤ 3 for H1 or < 1 and 
≥ !
"




very strong (> 30 or < !
"#
), or extreme (> 100 or < !
!##
), 
according to JASP Team (2017) and Schönbrodt et al. 
(2017). The Bayesian effect sizes were estimated as mean 
of the posterior distribution with a 95% confidence inter-
val. 
Results 
As expected, the accuracy decreased from the easiest 
level, Level a, to the most difficult level, Level f, whereby 
both easiest levels (Level a and b) showed comparable ac-
curacy values (Table 1). The Bayes factors of the undi-
rected t-tests to compare the precision between both fixa-
tion tasks (before and after the R-Cube-Vis Test) showed 
moderate evidence for equality in the x- and the y-coordi-
nate, BF10 ≤ 0.16. Therefore, the task engagement in both 
fixation tasks can be assumed as equal. 
Table 1. Mean (standard deviation) of the R-Cube-Vis Test 
accuracy measure differentiated for each difficulty level. 
 ACC 
All levels .78 (.12) 
Level a .95 (.16) 
Level b .93 (.15) 
Level c .86 (.20) 
Level d .80 (.22) 
Level e .73 (.25) 
Level f .43 (.30) 
The distribution of the conventional ICA values over 
both fixations tasks as well as the six difficulty levels are 
comparable with the distribution of the z-standardized ICA 
values (Figure 3). However, the effects sizes of the consid-
ered pair comparisons of the Bayesian directed t-tests are 
either comparably the same or greater for the z-standard-
ized than for the conventional values (Table 2). The distri-
butions of the ICA values of the singles eyes (left, right) 
are almost the same as the distributions of the mean ICA 
values (Figure 3). Therefore, only the results of the mean 
and the difference ICA values (conventional and z-stand-
ardized) are considered in detail in the following. 
The mean ICA values (conventional and z-standard-
ized) are only able to differentiate between the fixation 
tasks (before, after) and the easiest level of the R-Cube-
Vis Test (Table 2). There is a moderate to strong difference 
between the fixations task before and the fixation task after 
the R-Cube-Vis Test (BF10 ≥ 9.59), which might indicate 
a fatigue effect. Level a has only greater ICA values com-
pared to the fixations task before the test with extreme ev-
idence (BF10 ≥ 398.98). All other pair comparisons of the 
mean ICA values show only anectodical to very strong ev-
idence for equality (BF10 ≤ .60). However, an unexpected 
decrease of the mean ICA values from Level d to Level e 
can be observed in Figure 3. The post-hoc conducted un-
directed Bayesian t-test resulted in a difference between 
the two levels with anecdotal evidence for the conven-
tional and z-standardized values (BF10 ≥ 1.21) might indi-
cating a decrease of the mean ICA values from the easier 
Level d to more difficult Level e. 
The difference of the left and right eye’s ICA values 
shows the expected distribution with greater difference for 
less demanding tasks and lower differences for more de-
manding tasks (Figure 3). Similar as for the mean ICA 
value, the results of the z-standardized values have com-
parably the same or stronger evidence than of the conven-
tional values (Table 2). The difference of the z-standard-
ized values of both fixation tasks (before, after) are greater 
than the difference value of Level a with very strong to 
extreme evidence (BF10 ≥ 43.75, Table 2). Remarkably, 
the presumable fatigue effect of the mean values indicated 
by larger values of the fixation task after the R-Cube-Vis 
Test compared to the fixation task before the test could not 
be found for the difference of the values of both eyes. In 
contrast to the mean values, the difference of the ICA val-
ues (conventional and z-standardized) are able to differen-
tiate between the second of the easiest levels (Level b) and 
the first of the medium levels (Level c) with extreme evi-
dence (BF10 ≥ 568.64, Table 2). This might be due to the 
different number of demanded transformation steps (1 vs. 
2 rotated elements). 
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Figure 3. Distribution of the conventional (left) and the z-standardized (right) ICA values over both fixation tasks and the six difficulty 
levels of the R-Cube-Vis Test. The lines show the results for the left eye (Left), right eye (Right), their mean (Mean), and the difference 
between both eyes (Diff). 
Table 2. Effect sizes and Bayes factors for the considered pairwise comparison between of the conventional and z-standardized ICA 
values 
  Conventional z-standardized 
  Mean Difference Mean Difference 
Fix. task 2 
- Fix. task 1 
ES, Bayes  .45 [.19; .71]  .03 [-.22; .28]  .42 [.16; .68]  -.01 [-.26; .24] 
BF10  17.36**  .11'  9.59*  .11' 
Level a 
- Fix. task 1 
ES, Bayes  .54 [.24; .80]  -.38 [-.62; -.09]  .55 [.25; .81]  -.63 [-.90; -.32] 
BF10  398.98****  8.52*  507.10****  2986.30**** 
Level a 
- Fix. task 2 
ES, Bayes  .14 [.00; .31]  -.36 [-.61; -.08]  .16 [.00; .34]  -.46 [-.72; -.17] 
BF10  .20'  6.67*  .27'  43.75*** 
Level b 
- Level a 
ES, Bayes  .21 [.00; .41]  -.15 [-.33; .00]  .20 [.00; .40]  -.23 [-.44; -.01] 
BF10  .60  .19'  .50  .66 
Level c 
- Level b 
ES, Bayes  .09 [.00; .23]  -.57 [-.82; -.26]  .08 [.00; .20]  -.75 [-1.02; -.42] 
BF10  .08''  568.64****  .07''  56687.94**** 
Level d 
- Level c 
ES, Bayes  .13 [.00; .30]  -.16 [-.34; .00]  .13 [.00; .30]  -.13 [-.30; .00] 
BF10  .17'  .22'  .17'  .16' 
Level e 
- Level d 
ES, Bayes  .05 [.00; .13]  -.07 [-.17; .00]  .04 [.00; .12]  -.08 [-.20; .00] 
BF10  .03'''  .05''  .03'''  .06'' 
Level f 
- Level e 
ES, Bayes  .17 [.00; .35]  -.21 [-.41; -.01]  .19 [.00; .38]  -.15 [-.33; .00] 
BF10  .30'  .49  .40  .20' 
Note. For each comparison, the effect size as mean of the posterior distribution of the Bayes statistics (ES, Bayes) and the Bayes factor 
(BF10) are reported. The evidence for H1 (difference) and H0 (equality) are marked as moderate (*/'), strong (**/''), very strong (***/'''), 
or extreme (****/''''). This marking refers only to the BF10 and not to the effect sizes. 
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Figure 4. Distribution of the conventional (left) and the z-standardized (right) IPA values over both fixation tasks and the six difficulty 
levels of the R-Cube-Vis Test. The lines show the results for the left eye (Left), right eye (Right), their mean (Mean), and the difference 
between both eyes (Diff). 
Table 3. Effect sizes and Bayes factors for the considered pairwise comparison between of the conventional and z-standardized IPA 
values 
  Conventional z-standardized 
  Mean Difference Mean Difference 
Fix. task 2 
- Fix. task 1 
ES, Bayes  -.05 [-.29; .21]  -.07 [-.32; .19]  -.03 [-.28; .22]  -.01 [-.26; .24] 
BF10  .11'  .12'  .11'  .11' 
Level a 
- Fix. task 1 
ES, Bayes  .47 [.17; .72]  -.11 [-.27; .00]  .43 [.17; .71]  -.43 [-.69; -.14] 
BF10  66.24***  .11'  32.85***  24.96** 
Level a 
- Fix. task 2 
ES, Bayes  .39 [.13; .67]  -.09 [-.22; .00]  .38 [.10; .64]  -.46 [-.73; -.18] 
BF10  13.96**  .08''  12.33**  49.87*** 
Level b 
- Level a 
ES, Bayes  .29 [.04; .53]  .08 [-.20; .00]  .29 [.04; .54]  -.10 [-.25; .00] 
BF10  2.19  .06''  2.23  .10' 
Level c 
- Level b 
ES, Bayes  .07 [.00; .18]  -.27 [-.50; -.02]  .07 [.00; .19]  -.64 [-.90; -.33] 
BF10  .06''  1.29  .06''  3564.10**** 
Level d 
- Level c 
ES, Bayes  .25 [.00; .46]  -.04 [-.12; .00]  .26 [.03; .50]  -.09 [-.22; .00] 
BF10  1.05  .03'''  1.36  .07'' 
Level e 
- Level d 
ES, Bayes  .06 [.00; .18]  -.19 [-.39; .00]  .06 [.00; .17]  -.28 [-.50; -.03] 
BF10  .05''  .36  .05''  1.45 
Level f 
- Level e 
ES, Bayes  .08 [.00; .20]  -.10 [-.24; .00]  .07 [.00; .20]  -.23 [-.44; -.01] 
BF10  .06''  .09''  .06''  .68 
Note. */' moderate, **/' 'strong, ***/''' very strong, ****/'''' extreme evidence for H1 (difference) respectively H0 (equality). This mark-
ing refers only to the BF10 and not to the effect sizes. 
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The post-hoc comparison between both levels with one 
transformation step (Level a and b) and the four levels with 
two transformation steps (Level c to f) showed an extreme 
evidence for inequality (BF10 ≥ 19852) for conventional 
and z-standardized difference values. All other pair com-
parisons of the difference values show anecdotical to 
strong evidence for equality (BF10 ≤ .66, Table 2). The pat-
tern of results stayed the same if only correct items or only 
possible items were considered. 
The results of the IPA values, conventional and z-
standardized as well as mean and difference, are quite 
comparable to the results of the ICA (Figure 4 and Table 
3). There is an increase of the mean values from the fixa-
tion tasks to Level a and comparable mean values between 
all difficulty levels of the R-Cube-Vis Test. However, the 
observed fatigue effect of the mean ICA values between 
the fixations task before and after the test could not be 
found for the mean IPA values. The z-standardized differ-
ence IPA values show a decrease from both fixation tasks 
to Level a and from Level b to Level c similar as it was 
found for the difference ICA values. The post-hoc compar-
ison between Level a and b (one transformation step) 
against Level c to f (two transformation steps) showed ex-
treme evidence for inequality (BF10 ≥ 175355884). All 
other pair comparisons have evidence for equality or only 
anectodical evidence for inequality (BF10 = 1.45 between 
Level d and Level e for the z-standardized values, Table 
3). Similar as for the ICA values, only correct items or only 
possible items showed the same pattern of results. 
Discussion 
The goal of the present study was to investigate the In-
dex of Cognitive Activity (ICA, Marshall, 2002) and the 
Index of Pupillary Activity (IPA, Duchowski et al., 2018) 
as pupillary based indicators for cognitive workload sys-
tematically with respect to different cognitively demand-
ing tasks, influence of fatigue, effect of standardization for 
controlling individual differences, and using difference 
values of the eyes instead of the mean. To this end, a per-
formance test for visualization, the R-Cube-Vis Test 
(Fehringer, 2020b), with six distinct difficulty levels was 
conducted to analyze the ICA/IPA behavior over different 
cognitive demanding tasks. The fatigue effect was investi-
gated by two simple fixations tasks, one before and one 
after the R-Cube-Vis Test. Inter-individual differences in 
ability were controlled by z-standardization of the 
ICA/IPA values within each participant. Finally, addition-
ally to the mean of the ICA/IPA values of both eyes, the 
changes of the variation of the pupillary response of both 
eyes were analyzed during these conditions by considering 
the absolute difference between the ICA/IPA values of 
both eyes. All analyzes were conducted using Bayesian 
statistics. 
Controlling for inter-individual differences 
Previous studies showed that pupil diameter changes 
behave differently depending on the participants’ abilities 
and their expertise during a performance test (e.g., 
Granholm et al., 1996; van der Meer et al., 2010; Zekveld 
& Kramer, 2014) and would, therefore, indicate capacity 
utilization rather than absolute processing demands (Just 
et al., 2003). However, the maximum pupil diameter 
changes might also be different for all participants and, 
also, they might change with the amount of allocated re-
sources. Therefore, the study also investigated z-standard-
ized values to control for differences in the individual 
ranges. The results showed that this z-standardization is 
indeed able to control for these inter-individual differ-
ences. The z-standardized values (mean and difference of 
both eyes) of the ICA and IPA resulted in similar distribu-
tions as the conventional values but with comparable to 
greater effect sizes and stronger evidence in the Bayesian 
statistics. However, it might be important to note that the 
complete range of cognitive ability was addressed for pre-
sumably every participant in the present experimental set-
ting. The fixation tasks demand nearly no (higher) cogni-
tive activity, whereas the most difficult level of the R-
Cube-Vis Test has an average accuracy on chance level 
and is, therefore, difficult for nearly each participant. 
Hence, it can be assumed that the cognitive capacity de-
scribed by Just et al. (2003) is completely exploited by 
each participant at some point during the experiment. 
Therefore, the z-standardization might be misleading, if 
only some participants would reach their maximal capac-
ity. 
The mean ICA and IPA values as indicator for 
cognitive workload 
The mean ICA and IPA values of both eyes (conven-
tional and z-standardized) showed the expected effect be-
tween both fixation tasks and the easiest level of the R-
Cube-Vis Test. In contrast to previous studies (e.g., 
Marshall, 2002; Schwalm et al., 2008), differences be-
tween different difficulty levels could not be found for the 
Journal of Eye Movement Research Fehringer, B. C. O. F. (2021) 
14(2):4 Optimizing pupillary based indicators 
  9 
conventional and z-standardized ICA and IPA values. One 
reason might be that accuracy per se is not a valid criterion 
for cognitive workload, but that even the easiest level with 
an average accuracy of 95% demands comparable cogni-
tive resources (i.e., the mental manipulation of a cube) 
such as the more difficult levels. That would mean that the 
additional cognitive demand due to additional transfor-
mation steps of the more difficult levels (i.e., rotating two 
elements instead of one, crossed rotated elements) could 
not be captured by the mean ICA and IPA values. Another 
reason might be that the mean ICA and IPA values are only 
sensitive either for the increasing demand of other cogni-
tive resources, such as the working memory (e.g., by meas-
uring the digit span, Karatekin et al., 2004) or for adding a 
complete new task (e.g., in a driving scenario with a sec-
ondary task, Schwalm et al., 2008). 
Indicating the fatigue effect 
The general effect of fatigue is a decreasing of the pupil 
diameter and its changes (e.g., Andreassi, 2007; 
Hopstaken et al., 2015). However, current studies showed 
constant or increasing pupil diameter changes if partici-
pants were engaged in solving a task (e.g., Palinko et al., 
2010). In the present study, participants should stare at cer-
tain points in two fixation tasks before and after the con-
ducted R-Cube-Vis Test. The comparison of the precision 
(separated for x- and y-coordinate) suggest that the partic-
ipants had the same task engagement in both fixation tasks. 
The mean conventional and the z-standardized ICA values 
increased from the fixation task before the R-Cube-Vis 
Test to the fixation task after the R-Cube-Vis Test and, 
therefore, seems to be sensitive for fatigue. However, the 
ICA difference values as well as all IPA values (mean and 
difference values), stayed the same and indicated no fa-
tigue effect. However, the underlying mechanisms for this 
difference cannot be determined based on the present 
study, since the algorithm of the ICA is not fully docu-
mented. Further studies focusing on fatigue effects utiliz-
ing further parameter changes of the IPA might provide 
more insights. 
Variability of the ICA and IPA values be-
tween the left and the right eye 
Based on the general statement of Kahneman (1973) 
and the results with heart rate variability (e.g., Di Bernardi 
Luft et al., 2009; Duschek et al., 2009; Mathewson et al., 
2010), it was assumed that the variability of the pupillary 
based indicators (ICA and IPA) between both eyes might 
be indicative for cognitive workload. The absolute differ-
ence values, calculated from the ICA and IPA values of the 
left and right eye supported this assumption. Generally, the 
more difficult the task is, the lower are the difference 
values. Similar as for the conventional values, the z-stand-
ardized values showed the greater effects with stronger ev-
idence compared to the conventional values. The expected 
ordering with moderate to very strong evidence could be 
found between the fixation tasks and the easiest level of 
the R-Cube-Vis Test, such as with the mean values of both 
eyes. Additionally, the difference values changed also be-
tween Level b (one of the easiest levels) and Level c (one 
of the medium levels). Interestingly, there is a qualitative 
difference between both levels. In the easiest levels, the 
participants have to rotate only one element, whereas in 
the medium and difficult levels, the participants have to 
rotate two elements. This difference in the cognitive de-
mand between these levels seems to be captured by the dif-
ference values of the ICA and IPA, but not if only the mean 
value of the eyes is considered. 
Furthermore, in contrast to the mean ICA values, the 
difference values between both eyes are not sensitive for 
fatigue with moderate evidence for equality between the 
fixation tasks before and after the R-Cube-Vis Test. 
Limitations 
Although the ICA and IPA are promising pupillary 
based indicators for cognitive workload, there are only few 
studies that have investigated these measures systemati-
cally. The reasons might be that the ICA is a patented and, 
therefore, not published algorithm and the IPA has been 
made publicly available only recently. Therefore, the 
found results in the present study have only weak support 
by previous studies and are partly explorative. This is par-
ticularly true for the fatigue effect. 
Conclusion 
The present study investigated factors influencing the 
ICA and IPA values. The strength of the present study is 
its systematic analyzes that are necessary, if these (or sim-
ilar) pupillary based measures should be utilized in appli-
cation scenarios, where the specific meaning of these indi-
cators is necessary to derive important decisions. Based on 
the found results, the following recommendation can be 
made for the usage of the ICA and IPA as indicators for 
cognitive workload. (1) Instead of the conventional ICA 
and IPA values, the z-standardized values, within each par-
ticipant, should be considered for analyzes. (2) If it is the 
goal to detect fatigue effects, then the ICA values of the 
mean of both eyes should be used. (3) The absolute values 
of the difference of the ICA and IPA values between the 
right and the left eye should be used as fatigue independent 
measure to indicate cognitive workload. Moreover, the 
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difference values are more sensitive to differentiate be-
tween different tasks with different cognitive demands. 
However, due to the novelty of the results, further re-
search is necessary to support the presented results and to 
test their generalization to other stimulus materials and for 
alternative pupillary based measures. Future studies 
should investigate whether the z-standardization also 
works if the limit of the cognitive resources is not reached 
and whether pupil dilations react differently to specific 
cognitive resources and to various demanding tasks. Also, 
it would be important to address the question how fatigue 
influences the investigated pupillary based indicators in 
detail. 
If these indicators are better known with a deeper un-
derstanding of their behavior, the ICA and IPA seem to be 
very promising indicators that might be also used in more 
elaborative diagnostic applications as well as learning en-
vironments to gain more insights in the underlying cogni-
tive processes. 
Ethics and Conflict of Interest 
The author declares that the contents of the article are 
in agreement with the ethics described in http://bib-
lio.unibe.ch/portale/elibrary/BOP/jemr/ethics.html and 
that there is no conflict of interest regarding the publica-
tion of this paper. 
Acknowledgements 
The publication of this article was funded by the Min-
istry of Science, Research and the Arts Baden-Württem-
berg and the University of Mannheim. Furthermore, this	
work	was	supported	by	the	University	of	Mannheim’s	
Graduate	 School	 of	 Economic	 and	 Social	 Sciences	
funded	by	the	German	Research	Foundation.	Also,	I	am	
very	 thankful	 for	 the	 many,	 very	 supportive	 discus-
sions	about	 the	manuscript	with	Prof.	 Stefan	Münzer	
who	 provided	 me	 a	 lot	 of	 valuable	 feedback	 to	 this	
work. 
References 
Andreassi, J. L. (2007). Psychophysiology: Human be-
havior and physiological response (5th ed.). L. Erl-
baum Publishers.  
Beatty, J., & Lucero-Wagoner, B. (2000). The pupillary 
system. In J. T. Cacioppo, L. G. Tassinary, & G. G. 
Berntson (Eds.), Handbook of psychophysiology (2nd 
ed.). Cambridge Univ. Press. 
Demberg, V. (2013). Pupillometry: the Index of Cogni-
tive Activity in a dual-task study. In M. Knauff, M. 
Pauen, N. Sebanz, & I. Wachsmuth (Eds.), Coopera-
tive minds: Social interaction and group dynamics ; 
proceedings of the 35th Annual Meeting of the Cogni-
tive Science Society (pp. 2154–2159). Cognitive 
Science Soc. 
Di Bernardi Luft, C., Takase, E., & Darby, D. (2009). 
Heart rate variability and cognitive function: Effects 
of physical effort. Biological Psychology, 82(2), 186–
191. https://doi.org/10.1016/j.biopsycho.2009.07.007 
Duchowski, A. T., Krejtz, K., Gehrer, N. A., Bafna, T., & 
Bækgaard, P. (2020). The Low/High Index of Pupil-
lary Activity. In R. Bernhaupt, F. '. Mueller, D. Ver-
weij, J. Andres, J. McGrenere, A. Cockburn, I. 
Avellino, A. Goguey, P. Bjørn, S. Zhao, B. P. Sam-
son, & R. Kocielnik (Eds.), Proceedings of the 2020 
CHI Conference on Human Factors in Computing 
Systems (pp. 1–12). ACM. 
https://doi.org/10.1145/3313831.3376394 
Duchowski, A. T., Krejtz, K., Krejtz, I., Biele, C., 
Niedzielska, A., Kiefer, P., Raubal, M., & Gian-
nopoulos, I. (2018). The Index of Pupillary Activity. 
In R. Mandryk, M. Hancock, M. Perry, & A. Cox 
(Eds.), CHI 2018: Proceedings of the 2018 CHI Con-
ference on Human Factors in Computing Systems : 
April 21-26, 2018, Montréal, QC, Canada (pp. 1–13). 
The Association for Computing Machinery. 
https://doi.org/10.1145/3173574.3173856 
Duschek, S., Muckenthaler, M., Werner, N., & del 
Paso, G. A. R. (2009). Relationships between features 
of autonomic cardiovascular control and cognitive 
performance. Biological Psychology, 81(2), 110–117. 
https://doi.org/10.1016/j.biopsycho.2009.03.003 
EyeTracking Inc. (2013). Workload RT 1 Getting Started: 
Rev 1.4. http://www.eyetracking.com 
Journal of Eye Movement Research Fehringer, B. C. O. F. (2021) 
14(2):4 Optimizing pupillary based indicators 
  11 
EyeTracking Inc. (2015). Workload RT (1.5) [Software]. 
http://www.eyetracking.com 
Fehringer, B. C. O. F. (2020a). One threshold to rule 
them all? Modification of the Index of Pupillary Ac-
tivity to optimize the indication of cognitive load. In 
A. Bulling, A. Huckauf, E. Jain, R. Radach, & D. 
Weiskopf (Eds.), ACM Symposium on Eye Tracking 
Research and Applications (pp. 1–5). ACM. 
https://doi.org/10.1145/3379156.3391341 
Fehringer, B. C. O. F. (2020b). Spatial thinking from a 
different view: Disentangling top-down and bottom-
up processes using eye tracking. Open Psychology, 2, 
138–212. https://doi.org/10.1515/psych-2020-0105 
Granholm, E., Asarnow, R. F., Sarkin, A. J., & 
Dykes, K. L. (1996). Pupillary responses index cogni-
tive resource limitations. Psychophysiology, 33(4), 
457–461. https://doi.org/10.1111/j.1469-
8986.1996.tb01071.x 
Hopstaken, J. F., van der Linden, D., Bakker, A. B., & 
Kompier, M. A. J. (2015). A multifaceted investiga-
tion of the link between mental fatigue and task disen-
gagement. Psychophysiology, 52(3), 305–315. 
https://doi.org/10.1111/psyp.12339 
JASP Team. (2017). JASP (Version 0.8.1.1)[Computer 
software]. https://jasp-stats.org/ 
Just, M. A., & Carpenter, P. A. (1993). The intensity di-
mension of thought: Pupillometric indices of sentence 
processing. Canadian Journal of Experimental Psy-
chology/Revue Canadienne De Psychologie Expéri-
mentale, 47(2), 310–339. 
https://doi.org/10.1037/h0078820 
Just, M. A., Carpenter, P. A., & Miyake, A. (2003). Neu-
roindices of cognitive workload: Neuroimaging, pu-
pillometric and event-related potential studies of brain 
work. Theoretical Issues in Ergonomics Science, 4(1-
2), 56–88. 
https://doi.org/10.1080/14639220210159735 
Kahneman, D. (1973). Attention and effort. Prentice Hall 
series in experimental psychology. Prentice Hall.  
Karatekin, C., Couperus, J. W., & Marcus, D. J. (2004). 
Attention allocation in the dual-task paradigm as 
measured through behavioral and psychophysiologi-
cal responses. Psychophysiology, 41(2), 175–185. 
https://doi.org/10.1111/j.1469-8986.2004.00147.x 
Krejtz, K., Duchowski, A. T., Niedzielska, A., Biele, C., 
& Krejtz, I. (2018). Eye tracking cognitive load using 
pupil diameter and microsaccades with fixed gaze. 
PloS One, 13(9), e0203629. 
https://doi.org/10.1371/journal.pone.0203629 
Lee, G., Gommers, R., Waselewski, F., Wohlfahrt, K., & 
O'Leary, A. (2019). PyWavelets: A Python package 
for wavelet analysis. Journal of Open Source Soft-
ware, 4(36), 1237. 
https://doi.org/10.21105/joss.01237 
Marshall, S. P. (2000). Method and apparatus for eye 
tracking and monitoring pupil dilation to evaluate 
cognitive activity(US-Patent: 6090051). United States 
of America. 
Marshall, S. P. (2002). The index of cognitive activity: 
Measuring cognitive workload. In New Century, New 
Trends. Of the 2002 IEEE 7th Conference on Human 
Factors and Power Plants, Scottsdale, AZ, USA. 
Marshall, S. P., Pleydell-Pearce, C. W., & Dickson, B. T. 
(2003). Integrating psychophysiological measures of 
cognitive workload and eye movements to detect 
strategy shifts. In R. H. Sprague (Ed.), Proceedings of 
the 36th Annual Hawaii International Conference on 
System Sciences: 6 - 9 January 2003, Big Island, Ha-
waii ; abstracts and CD-ROM of full papers ; 
[HICSS-36] (6 pp). IEEE Computer Soc. 
https://doi.org/10.1109/HICSS.2003.1174298 
Mathewson, K. J., Jetha, M. K., Drmic, I. E., 
Bryson, S. E., Goldberg, J. O., Hall, G. B., 
Santesso, D. L., Segalowitz, S. J., & Schmidt, L. A. 
(2010). Autonomic predictors of Stroop performance 
in young and middle-aged adults. International Jour-
nal of Psychophysiology : Official Journal of the In-
ternational Organization of Psychophysiology, 76(3), 
123–129. https://doi.org/10.1016/j.ijpsy-
cho.2010.02.007 
McKinney, W. (2011). pandas: A Foundational Python 
Library for Data Analysis and Statistics. 
Mill, R. D., O'Connor, A. R., & Dobbins, I. G. (2016). 
Pupil dilation during recognition memory: Isolating 
unexpected recognition from judgment uncertainty. 
Cognition, 154, 81–94. https://doi.org/10.1016/j.co-
gnition.2016.05.018 
Journal of Eye Movement Research Fehringer, B. C. O. F. (2021) 
14(2):4 Optimizing pupillary based indicators 
  12 
Morey, R. D., & Rouder, J. N. (2015). BayesFactor: 
Computation of Bayes Factors for common designs, R 
package version 0.9.12-2. https://CRAN.R-pro-
ject.org/package=BayesFactor 
Palinko, O., Kun, A. L., Shyrokov, A., & Heeman, P. 
(2010). Estimating cognitive load using remote eye 
tracking in a driving simulator. In Proceedings of the 
2010 Symposium on Eye-Tracking Research & Appli-
cations (ETRA). 
Psychology Software Tools Inc. (2011). E-Prime 2.0: Ex-
tension for tobii. Psychology Software Tools. 
Psychology Software Tools Inc. (2012). E-Prime 2.0. 
http://www.pstnet.com 
R Core Team. (2017). R: A language and environment 
for statistical computing. https://www.R-project.org/ 
Richstone, L., Schwartz, M. J., Seideman, C., Cade-
ddu, J., Marshall, S. P., & Kavoussi, L. R. (2010). Eye 
metrics as an objective assessment of surgical skill. 
Annals of Surgery, 252(1), 177–182. 
https://doi.org/10.1097/SLA.0b013e3181e464fb 
Rouder, J. N., Speckman, P. L., Sun, D., Morey, R. D., & 
Iverson, G. (2009). Bayesian t tests for accepting and 
rejecting the null hypothesis. Psychonomic Bulletin & 
Review, 16(2), 225–237. 
https://doi.org/10.3758/PBR.16.2.225 
Schönbrodt, F. D., Wagenmakers, E.‑J., Zehetleitner, M., 
& Perugini, M. (2017). Sequential hypothesis testing 
with Bayes factors: Efficiently testing mean differ-
ences. Psychological Methods, 22(2), 322–339. 
https://doi.org/10.1037/met0000061 
Schwalm, M., Keinath, A., & Zimmer, H. D. (2008). Pu-
pillometry as a method for measuring mental work-
load within a simulated driving task. In D. d. Waard 
(Ed.), Human factors for assistance and automation 
(pp. 1–13). Shaker Publ. 
Steinhauer, S. R., Siegle, G. J., Condray, R., & Pless, M. 
(2004). Sympathetic and parasympathetic innervation 
of pupillary dilation during sustained processing. In-
ternational Journal of Psychophysiology : Official 
Journal of the International Organization of Psycho-
physiology, 52(1), 77–86. 
https://doi.org/10.1016/j.ijpsycho.2003.12.005 
van der Meer, E., Beyer, R., Horn, J., Foth, M., Borne-
mann, B., Ries, J., Kramer, J., Warmuth, E., Heeke-
ren, H. R., & Wartenburger, I. (2010). Resource allo-
cation and fluid intelligence: Insights from pupillome-
try. Psychophysiology, 47(1), 158–169. 
https://doi.org/10.1111/j.1469-8986.2009.00884.x 
van der Walt, S., Colbert, S. C., & Varoquaux, G. (2011). 
The NumPy array: A structure for efficient numerical 
computation. Computing in Science & Engineering, 
13(2), 22–30. https://doi.org/10.1109/MCSE.2011.37 
van Rossum, G. (1995, January 1). Python Tutorial, 
Technical Report CS-R9526. Centrum voor Wiskunde 
en Informatica (CWI), Amsterdam.  
Zekveld, A. A., & Kramer, S. E. (2014). Cognitive pro-
cessing load across a wide range of listening condi-
tions: Insights from pupillometry. Psychophysiology, 
51(3), 277–284. https://doi.org/10.1111/psyp.12151 
 
